The price of gold and its determining factors have been studied extensively in the literature. However, there is a lack of research on structural break in the long memory of the gold markets. This paper examines the long memory properties of gold prices. In particular, it attempts to test the stability of the long range dependence of gold returns and volatility. The results suggest that long memory exists in gold returns and volatility, and that the volatility of daily gold futures returns can be characterized by a hyperbolic decaying long memory process.
Introduction
The dynamics of the gold market has long been studied. For example, Tandon and Urich (1987) found that the daily gold price is influenced by the unanticipated factors of U.S. money supply and producer price index announcements. Bailey (1988) concluded that an increase in money supply (according to weekly updates) raises the volatility of the price of gold. Kitchen (1996) found that the price of gold is positively related to changes in government deficit projections. Cai et al. (2001) analyzed gold futures tick-by-tick data and found that massive sales by central banks, fluctuation in interest rates and oil prices, as well as socio-economic tensions in South Africa contribute to the price fluctuations, while the unemployment rate, GDP, CPI, and household income of the United States significantly impact the dynamics of return volatility. Moreover, strong intraday periodicity overshadows the long memory feature of gold futures.
While the long-range dependence in market returns and volatility have been well explored, studies on the stability of the long memory process are scant (Banerjee and Urga, 2005) .
Among the few, Cheung and Lai (1993) examined the sensitivity of the long memory test in the gold market and found that the gold market is unstable over time. Beran and Terrin (1996) found that small changes in the long memory parameter have strong implications on the long-term behavior of the process. Granger and Terasvirta (1999) showed that the estimate of the long memory parameter is closely connected to the frequency of regime switches and the spots at which they occur in the sample. Gourieroux and Jasiak (2001) argued that processes with infrequent regime switches might generate a long memory effect in the autocorrelation function. Dittmann and Granger (2002) showed that the existence of structural breaks leads to an under-estimation of the long memory parameter. Mikosch and Starica (2004) evaluated the possible long memory in volatility in the presence of a structural break. Chan and Young (2006) and Chan and Feng (2012) studied the jump behavior of copper and stock markets, respectively.
Seeing this gap in the literature, this paper studies the long memory property in the returns and volatility time series with respect to the gold markets. Following Chong et al. (2012) , who found long memory in the volatility of the diamond market, a modified rescaled range (R/S) statistic of Lo (1991) was used to test for long memory in the gold market. Strong evidence in support of long memory in gold returns was found. In particular, this paper also examined the dynamics of the long memory parameter. This paper concludes that there are three structural breaks in the gold market in our sample, namely, the Middle East oil price crisis in 1979, the turmoil in South Africa in 1987 and the surging demand in gold from
China and India since 2007. The structure of the paper is organized as follows: Section 2 presents the modified R/S statistic and FIGARCH model. Section 3 examines and tests for long memory properties in the gold market. Section 4 reports empirical evidence for structural breaks in the degree of long memory in gold returns and price volatility. Section 5 concludes the paper.
Methodology
Long range dependence in asset returns and volatility has attracted academic attention over the past two decades. Ding et al. (1993) examined the persistence of long memory in stock market volatility. Baillie et al. (1996) provided evidence of long-range dependence in the volatility of exchange rates. Baillie et al. (2002) found long memory in both the conditional mean and the variance of inflation rate.
The classical R/S analysis was first introduced by Hurst (1951)  If H>1, the series is non-stationary;
, the series is anti-persistent.
Subsequently, the classical R/S analysis was refined by Mandelbrot (1972) and Lo (1991) .
The modified rescaled range (R/S) statistic of Lo (1991) was applied to test for long memory in a stationary time series t X with a sample size N in this paper. The modified rescaled range statistic is defined as
where
and
The null hypothesis of no long-range dependence can be tested using the asymptotic distribution   
against the composite alternative of long memory. If the truncation lag, denoted by q, is equal to zero, the modified R/S statistic is reduced to Hurst's R/S statistic.
The modified R/S statistic is robust to short-term dependence and conditional heteroscedasticity. It has high power against certain long-range dependence alternatives and has been extensively used to detect the presence of long memory in various time series, including but not limited to the conditional variance of U.S. stock return indices (Crato and De Lima, 1994) ; stock market volatility (Breidt et al., 1998) Baillie et al. (1996) . It is an extension of the GARCH model of Bollerslev (1986) and the IGARCH model of Engle and Bollerslev (1986) . It has been applied to model the long memory behavior of exchange rates (Baillie et al., 1996) , commodity futures (Crato and Ray, 2000) , inflation rates (Baillie et al., 2002) and crude oil futures (Martens and Zein, 2004) .
where d is the fractional integration parameter,
The conditional variance of FIGARCH (p, d, r) is given by
and k  is non-negative.
Data and Results

Data
The daily prices of spot gold span the period from August 2, 1976 to July 14, 2008
inclusive. The sample of gold futures market covers the period from January 2, 1979 to July 14, 2008 inclusive. All data was obtained from DataStream. Returns are defined as the first difference of the natural logarithm of gold prices:
where P t is the corresponding price series. The samples contained 8335 observations of daily spot gold return and 7704 observations of gold futures return. Davidian and Carroll (1987) suggested that the volatility of absolute returns is more robust to asymmetry and non-normality. Taylor (1986) presented evidence that absolute return based models generate better volatility forecasts than models based on squared returns. In this paper, absolute returns, squared returns, absolute deviation, and square mean deviation were all used to proxy for volatility. The square mean deviation and absolute deviation provide a better measure for volatility compared to absolute returns and squared returns.
The summary statistics for spot gold and gold futures are reported in Table 1a and 1b respectively.
Tables 1a and 1b about here
The kurtosis values indicate that the unconditional distributions of these returns exhibit a thick tail. Among the four measures of volatility, the squared return and square mean deviations exhibit a higher degree of skewness and kurtosis relative to their absolute value counterparts.
Results of the Modified R/S statistic
The values of the modified R/S statistic calculated for squared returns, absolute returns, absolute deviation and square mean deviation of the spot gold and gold futures daily returns samples are reported in Table 2a and 2b respectively.
Tables 2a and 2b about here
A test for the null hypothesis of d=0 was performed using a 95 percent confidence interval [0.809, 1.862] of the modified R/S statistic.
truncation lags. Hence, the findings hold for different truncation lags and volatility measures.
Results of the FIGARCH Model
The estimated long memory parameter d for spot gold and gold futures of the FIGARCH
(1, d, 1) model are reported in Table 3a and 3b respectively.
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Tables 3a and 3b about here Table 3a shows that the estimated long memory parameter d of the FIGARCH (1, d, 1) model ranges from 0.2834 to 0.4115, while Table 3b shows that the estimated long memory parameter ranges from 0.2934 to 0.3575. In general, the value of d is consistently significant, indicating that the daily return and volatility of spot gold prices can be characterized by a hyperbolic decaying long memory process. The empirical evidence demonstrates the presence of an explicit long memory feature in gold daily returns and volatility.
Results over multiple frequencies
Estimations are undertaken over multiple frequencies. In terms of weekly data, 1668
weekly observations of the Gold Bullion LBM U$/Troy Ounce spanned the period from The results of Lo's modified R/S statistic for returns, squared returns, and absolute returns for weekly and monthly frequencies are reported in Table 4a and Table 4b , respectively.
The null hypothesis was rejected for q=(0,2,5,10) in all cases of weekly returns. For monthly returns, the null hypothesis was rejected for q=(2,5) in all cases. Rejection of the null hypothesis implies a relatively strong self-similarity feature of the gold market.
Tables 4a and 4b about here
Structural Breaks in Long Memory
In this section, a forward rolling and a backward rolling test is employed to determine the stability of the long memory property in the gold market.
Forward Rolling Method
For the forward rolling procedure, the whole sample was split into several subsamples. The test is first performed on the first subsample. The data for the next five years are added to the first subsample to form a new subsample, and the test is administered on it. This process continues until the subsample incorporating the last observation is tested. The results of the modified R/S statistic with the forward rolling estimation for spot gold and gold futures are reported in Tables 5a and 5b , respectively.
Tables 5a and 5b about here
Regarding the null hypothesis of no long memory, the null hypothesis d=0 is not rejected in the first subsample, suggesting that the autocorrelation function in the seven-year period of 1976 to 1983 might not exhibit hyperbolic decay. However, the absence of long memory is mostly rejected when new data from subsequent years are included. This conflicting evidence on long memory in spot gold returns suggests that a structural break might have occurred during the period of 1983-1988.
The modified R/S statistic is also applied to the forward rolling data of absolute returns and the square mean deviation. In the gold futures market, the null hypothesis of d=0 is rejected for the full sample from January 2, 1979 to July 14, 2008, shown in Table 5b . Thus, the long memory pattern is consistently significant over the whole sample period. However, for all the sub-samples, the null hypothesis of a stationary series was not rejected. The To test for structural breaks in the volatility of gold futures, the second panel of Table 5b reports test statistics for the gold futures absolute returns, in which the null hypothesis of stationarity is rejected for all cases, providing strong evidence for long memory in volatility of gold futures. For the daily square mean deviation of gold futures, the null hypothesis is rejected in all cases except for the first seven-year sub-sample with a truncation point of q=100. Therefore, the long memory pattern in the volatility of gold futures is significant across the forward rolling samples. Weak evidence for a structural break of long memory in the volatility of gold futures is found for the sample period of 1988-1993.
Backward Rolling Method
The results for spot gold and gold futures under the backward-rolling test are reported in Table 6a and 6b respectively   14   Tables 6a and 6b about here For the spot gold return series, the backward rolling process starts administering the test on the subsample from July 14, 2001 to July 14, 2008. The data for the previous five years are then added to form a new subsample. The backward rolling process continues until the subsample incorporating data at the beginning of the sample period is tested. Results in Table 6a show that the null hypothesis of d=0 is rejected by all subsamples except for the first three. This provides contradictory evidence for long memory in spot gold daily returns. Note that as the sample size grows, the long memory pattern in the subsamples becomes consistently significant. Therefore, a potential change point lies between 1986
and 1991. 
Tables 7a and 7b about here
Conclusions
The gold market has experienced extreme volatility over the past decade. This paper revisited the long memory properties in the gold spot and futures markets. The results suggest that long memory properties exists in gold returns and volatility, and that the volatility of daily gold futures returns can be characterized by a hyperbolic decaying long memory process.
In addition, this paper contributes to the literature by developing a test for structural breaks of the long memory property in gold returns and volatility. 
